There is an increasing interest on the application of ZnO nanorods in photocatalysis and many growth methods have been applied, in particular the spray pyrolysis technique which is attractive for large scale production. However it is interesting to know if the nanorod morphology is the best considering its photocatalytic activity, stability, and cost effectiveness compared to a nonoriented growth. In this work we present a systematic study of the effect of the precursor solution (type of salt, solvent, and concentration) on the morphology of sprayed ZnO films to obtain nanoflakes and nanorods without the use of surfactants or catalysts. The surface properties and structural characteristics of these types of films were investigated to elucidate which morphology is more favorable for photocatalytic applications. Wettability and photocatalytic experiments were carried out in the same conditions. After UV irradiation both morphologies became hydrophilic and achieved a dye discoloration efficiency higher than 90%; however, the nanoflake morphology provided the highest photocatalytic performance (99% dye discoloration) and stability and the lowest energy consumption during the synthesis process. The surface-to-volume ratio revealed that the nanoflake morphology is more adequate for photocatalytic water treatment applications and that the thin nanorods should be preferred over the large ones.
Introduction
It is well known that the structure and morphology as well as size, shape, and orientation of crystallites play an important role in the performance and properties of zinc oxide (ZnO). This is why intensive research has been focused on developing and synthesizing novel ZnO nanostructures like nanowires, nanorods, nanotubes, nanobelts, and nanorings [1] , nanotetrapods [2] , nanofibers [3] , nano-and microspheres [4] , nano-and microneedles [5] , star and flower shaped structures [6] , and other complex morphologies [7] and arrays (such as nanoforest [8] ), in order to provide enhanced functionalities with potential use in electronics, photochemistry, sensors, and even medicine. Furthermore, ZnO has a simple crystalgrowth technology, resulting in a potentially lower cost for ZnO-based devices [9] . One of its promising applications is for environmental remediation due to its remarkable photocatalytic activity comparable to TiO 2 [10] . This property has been widely studied for the degradation of several toxic pollutants in water (such as dyes, drugs, and phenols) while it is exposed to UV light. In spite of the high photocatalytic activity of ZnO nanostructures with different morphologies, for water treatment applications it is desirable to have the semiconductor anchored onto a substrate. This is to avoid the separation processes of the catalyst powder from the water once it has been treated. However, obtaining ZnO as a thin film significantly reduces the active surface area which is critical for the catalytic process. In order to counteract this disadvantage, many efforts have been done to produce films with convenient nanostructures that enhance the photocatalytic activity. One of the most popular morphologies for ZnO films is the nanorods. The reason is that ZnO can nicely grow as vertically aligned hexagonal rods and a priori this ordered arrangement has a higher surface area [11] . However, this specific ordered growth requires higher energy than a random growth, independently of the deposition method. Journal of Nanomaterials Some of the typical methods to obtain ZnO nanorods are the Vapor-Liquid-Solid (VLS), the Vapor-Solid (VS), and Metal Organic Chemical Vapor Deposition (MOCVD), which need temperatures from 500 to 1500 ∘ C [12, 13] . There are, on the other hand, the solution phase synthesis methods, such as the hydrothermal, sol-gel, and spray pyrolysis [14] [15] [16] , which in general need lower temperatures for the deposition. Among these chemical syntheses, the spray pyrolysis method (SP) is a good alternative to obtain ZnO nanostructured films. Within its advantages, its simplicity and low cost are of special interest for industrial production. However, most of the reported works concerning ZnO nanorods by SP use different kind of catalysts or surfactants during the synthesis. For instance, Cai et al. reported the formation of very large ZnO nanorods by SP using hexamethylenetetramine and monoethanolamine as surfactants [17] . Dedova and collaborators studied the addition effect of thiocarbamide in the ZnO rods formation [18] . Somnez et al. synthesized thinner ZnO nanorods with thiourea addition; however some optical properties were deteriorated. Htay et al. obtained ZnO nanowires using indium nitrate as a catalyst to promote unidirectional crystal growth by ultrasonic SP [19] . Ranjith et al. reported the use of SP technique to deposit a seed layer, but ZnO nanorods were obtained by solution growth using hexamethylenetetramine (5 h, 97 ∘ C) [20] .
Additionally, there are several factors that may affect the properties of sprayed pyrolyzed films [21] [22] [23] [24] [25] [26] . For instance, Arca et al. reported that the type of precursor salt and the solvent influence the surface morphology of ZnO films and, therefore, their optical properties [25] . They concluded that the use of organic salts favor the formation of volatile and inert products, giving better film uniformity, while inorganic salts can lead to the formation of strong acids that induce chemical etching on the film deteriorating the optical quality of the coating. Another crucial parameter that may affect the growth of nanorods by SP is the solvent of the precursor solution. Tomakin investigated the effect of dissolving zinc chloride in either methanol or propanol in the structural, morphological, and optical properties of ZnO and ZnO:Al microrods [27] . Tomakin found that films produced with methanol were more uniform and the microrods had a larger diameter than those prepared with propanol. The use of different solvents separately or as a mixture has been investigated for other compounds, such as CeO 2 [28] , and all the studies confirm the profound impact of the solvent on the film's properties, particularly the optical properties. Nevertheless, the effects of these parameters on the ZnO surface properties, such as the photocatalytic activity and the photoinduced wettability, have not yet been reported.
Despite the growing interest of the application of ZnO nanostructures on the photocatalytic degradation of pollutants, the question of which morphology is the best remains unanswered. The answer to this question is not trivial because a direct comparison of the photocatalytic activity of different morphologies is quite difficult due to the different experimental conditions used by each research group (type of molecule to degrade, its concentration, pH conditions, quantity of catalyst load, type of light, etc.).
In this work we systematically studied the effect of the precursor salt, solvent, and concentration of the precursor solution on the morphology of sprayed ZnO nanostructured films without the use of surfactants. By tuning these deposition parameters we could vary the morphology from nanoflakes to nanorods; we investigated their surface properties such as the photoinduced wettability and the photocatalytic activity to elucidate which morphology is better for photocatalytic water treatment applications.
Experimental Details
Pneumatic spray pyrolysis technique was employed to prepare ZnO films. The spray system uses a 1/4JAU-SS air atomizing nozzle, from Spraying Systems Co. The nozzle was kept at a constant distance from the substrate (30 cm) for all the samples. The substrates used were corning glass slides (3 cm 2 ) that were cleaned consecutively in an ultrasonic bath with trichloroethylene, acetone, and methanol for 5 min, each solvent. The substrates were dried with compressed nitrogen.
The films were deposited at a fixed substrate temperature of 450 ∘ C with a gas flow rate of 1024 mL/min and a solution flow rate of 3.7 mL/min. Before being sprayed, the substrates were placed on a tin bath until they reached a uniform temperature. The deposition time was of 15 minutes in each case. No further annealing was necessary.
Three different sets of depositions were carried out according to the following description. The first set of samples was devoted to analyzing the effect of the precursor salt and its concentration using zinc acetate (Zn(CH 3 COO) 2 ⋅2H 2 O, 98% purity from Sigma-Aldrich, ZnAc) and zinc chloride (ZnCl 2 , 98% purity from Alfa Aesar) dissolved in deionized water with concentrations 0.05, 0.1, and 0.2 M (see Table 1 , Set 1). The second set of samples was prepared to study the effect of the solvent varying the water/methanol ratio (v/v%) (see Table 1 , Set 2). The precursor solutions had a concentration of 0.05 M for both ZnAc and ZnCl 2 . The water/methanol ratio mixtures studied were 100/0, 75/25, 50/50, 25/75, and 0/100. Finally, for the third set of samples the deposition was achieved in two steps: first a ZnO seed layer of ZnAc (0.05 M dissolved in water/methanol 25/75) and immediately after the growth of ZnO nanorods using ZnCl 2 (0.05 M) dissolved in the same water/methanol ratio (see Table 1 , Set 3).
The films were analyzed by X-ray diffraction by using a Rigaku Ultima IV system with thin film mode attachment diffractometer (Cu K radiation = 0.15418 nm). The morphological analysis was carried out using a JEOL 7600F scanning electron microscope. The optical properties of the films were studied using a Shimadzu 1800 UV-Vis spectrophotometer. The thickness and roughness were measured with a Veeco model Dektak 150 profilometer.
The photoinduced wettability was studied at room temperature by measuring the contact angle. A 0.5 L water droplet was placed on the film's surface and optical photographs were captured using a Thorlabs DCC1545C CCD monochromatic camera coupled to a Mitutoyo 2x objective. Contact angle of the films was measured before and after 15 min of irradiation with the UV light. The photocatalytic activity of the films was evaluated by the degradation of a methyl orange solution (MO, C 14 H 14 N 3 NaOH 3 S, from Sigma-Aldrich, 85% purity) with a concentration of 10 −5 M. The samples were immersed in 10 mL of the dye solution (at its natural pH = 6.5) and left 30 min in the dark with constant stirring to reach the equilibrium. Then they were irradiated with a 9 Watt UV lamp with irradiance of 26 Wm −2 and its emission centered at 380 nm in a reactor setup described elsewhere [29] . The degradation was measured by monitoring the absorption spectrum of the dye solution each 30 min, with a Shimadzu 1800 UV-Vis spectrophotometer.
Results and Discussion

Structure and Morphology.
The crystalline structure of the films of Set 1 showed that, with both precursors, ZnAc (samples names starting with "A") and ZnCl 2 (samples names starting with "C"), the hexagonal wurtzite phase of ZnO is obtained (ICDD data base PDF 00-036-1451) with the characteristic reflections (100), (002), (101), (102), (110), (103), and (112) as can be seen in Figure 1 . For Set 1 the film with ZnAc 0.05 M (A1A) presents two principal reflections approximately with the same intensity, (002) and (101), but as the precursor concentration increases, the intensity of the peak at (101) exceeds that of the (002), indicating a change in the film's growth. By using the inorganic precursor, the (002) peak is the most intense reflection for the three different concentrations. This indicates that a preferential growth perpendicular to the associated plane is occurring, as can be observed in Figure 1 (b). The texture coefficient (TC (ℎ ) ) was determined from these reflections, in order to confirm the preferential orientation and characterize it quantitatively. TC (ℎ ) represents the texture in a particular plane, whose deviation from the standard sample implies a preferred orientation of growth. The TC (ℎ ) was calculated from the following equation [30] :
where (ℎ ) is the intensity obtained from the films of a plane (ℎ ), 0(ℎ ) is the intensity taken from the reference pattern, and is the number of diffraction peaks considered. As can be seen in Table 2 , the films deposited from ZnCl 2 show texture coefficients higher than 1 for the (002) reflection, revealing the abundance of crystallites oriented along (002) direction and the preferred growth along the -axis. In the case of the films A1A, A2A, and A3A (prepared with ZnAc in different concentrations), the values are close to 1 meaning a film with randomly oriented crystallites. The crystallite sizes were estimated using Scherrer's formula [31] :
where is the width at half maximum intensity (FWHM) of the peak, is the X-ray wavelength, and is Bragg's angle.
The FWHM values used were those for the reflections: (002), (101), (102), and (103) as they were the most intense in all the samples; the mean value obtained is reported in Table 2 . The sizes are around 37 and 42 nm for the films prepared with ZnAc (A1A, A2A, and A3A). While for those prepared with ZnCl 2 at different concentrations (C1A, C2A, and C3A) the values were found between 44 and 46 nm. The thickness ( ) and roughness of the samples of Set 1 were measured by profilometry and are shown in Table 2 . It can be observed that for the lowest precursor concentration (0.05 M) the films have the less thickness and roughness values. As the concentration is increased the films become denser and thicker. The films with a 0.2 M precursor concentration look opaque and whitish as the light is dispersed more for larger roughness. The optical transmittance (spectra not shown) was slightly lower for the films with chloride (∼70%) than for the films with acetate (∼80%), and their optical gap ( ) was 3.26 ± 0.02 and 3.22 ± 0.01 eV for the films grown with ZnAc and ZnCl 2 , respectively.
The effect of the precursor in the morphology was observed by SEM and is shown in Figure 2 . For the ZnAc precursor with the lowest concentration, the morphology is homogeneous and randomly oriented with a nanoflakelike shape with lengths under 200 nm and 30 nm width in average (Figure 2(a) ). As the ZnAc concentration is increased a denser structure is formed and some irregular spike-like shapes start to appear (Figures 2(b) and 2(c) ). On the other hand, for the ZnCl 2 precursor well-defined hexagonal columnar growth is obtained (Figures 2(d) , 2(e), and 2(f)); when the concentration of ZnCl 2 increases the hexagonal shapes grow and can duplicate their size. These morphologies (plates and rods) can be attributed to the different values of the dissociation enthalpy that may conduct a particular growth mechanism. ZnAc solution (0.1 kcal/mol) undergoes a fast dissociation before reaching the surface and ZnO is only depositing over the substrate with a random crystal orientation, as observed in Figure 1(a) . On the other hand, ZnCl 2 solution (30 kcal/mol) can initiate the nucleation leaving time for the films to grow on the substrate along the (002) plane due to its higher dissociation enthalpy [32] , as Journal of Nanomaterials observed by XRD (Figure 1(b) ). Additionally, in the case of ZnCl 2 , the formation of HCl as subproduct occurs during the pyrolytic process. According to Smith and RodriguezClemente [33] , at the pyrolysis region, HCl vapor molecules act as a capping agent during the film growth by lowering the specific surface energy of polar faces; this slows down their growth and controls the shape of the nanostructures.
The influence of the solvent in the films morphology can be observed in the SEM images of Set 2 in Figure 3 ; the nomenclature used for this set includes an "A" for water solvent and "M" for methanol at a specific proportion indicated by the number at the end. For the ZnAc precursor the morphology is modified from the irregular nanoflakes (Figure 3(a) ) to interpenetrated hexagonal plates ( Figures  3(b) and 3(c) ) and finally they become small irregular grains (Figures 3(d) and 3(e) ). In the case of ZnCl 2 precursor, not only the morphology is affected but also the substrate coverage is reduced when the quantity of methanol increases. When deionized water was used as solvent it was found that the substrate was completely covered and the ZnO morphology is formed by hexagonal rods (Figure 3(f) ). For the mixture of water/methanol 75/25 these rods are now thinner and spaced with diameters of ∼60 nm, but the substrate appears in the background (Figure 3(g) ). For the 50/50 6 Journal of Nanomaterials water/methanol ratio, thick and thin rods are coexisting in the same proportion (Figure 3(h) ). However, for watermethanol ratios of 25/75 and 0/100, ZnO grows as thick rods larger than 150 nm in diameter, but leaving much uncovered space on the substrate (Figures 3(i) and 3(j) ). This effect is explained due to the rate of evaporation of each solvent. The vaporization enthalpy of methanol is 35 kJ/mol, while for water this value is 40 kJ/mol. This difference affects the film's formation process; when the precursor solution contains methanol, the generated spray evaporates faster in its way from the nozzle to the hot substrate, leaving a concentrated solution that arrives to the glass surface and forms localized nucleation sites for ZnO growth. Additionally, as we previously explained, the precursor salt has an important role, due to the different pyrolytic decomposition reactions of each precursor. In the case of zinc acetate the following reaction (see (3)) takes place [25] :
where the formation of ZnO is accompanied with products such as acetone, acetic acid, and carbon dioxide. These subproducts are highly volatile, thus leaving the Zn ions to react with the present oxygen to form the oxide.
When zinc chloride is used, the decomposition reaction produces HCl for both water (see (4) ) and methanol (see (5)) as follows:
This product, in addition to influencing the shape of ZnO nanostructures by the adsorption in specific ZnO faces, plays another important role. Arca et al. explained that the presence of HCl induces a chemical etching of the substrate surface, having as a consequence a poor surface morphology of the films grown using ZnCl 2 [25] . In our films this etching is more evident for the samples prepared with the highest methanol concentrations, as can be seen in Figures 3(i) and 3(j). This is confirmed by XRD pattern of Set 2 in Figure 4 (b), where films deposited with 25/75 and 0/100 water/methanol ratios exhibit a broad band associated with the amorphous glass substrate. Methanol in the solvent mixture provoked a decrease in the grain size of the films, for those grown either from ZnAc or from ZnCl 2 , going from 37 to 21 nm and from 44 to 22 nm, respectively, as can be seen in Figure 6 (b). The production of ZnO nanorods by solution methods (hydrothermal, spray pyrolysis, sol-gel, wet chemical, etc.) often requires the use of a seed layer [34] [35] [36] . The characteristics of the seed layer determine the growth and alignment of the nanorods. Li et al. investigated the effect of different deposition methods, the deposition temperature, and the thickness of the seed layer on the structural properties of ZnO nanorods arrays [37] . They found that ZnO nanorods can grow independently of the type of seed layer, but a better crystallinity gives higher degree of alignment and density of the nanorods. Wang et al. showed that without the seed layer the nanorods grow dispersed and randomly on a bare FTO substrate [38] . In order to improve the growth of nanorods, we deposited the third set of samples that consisted of a seed layer (using ZnAc) and the nanorods (grown with ZnCl 2 ; see Table 1 , Set 3). The seed layer had a thickness about 97 ± 6 nm. Figure 5 shows the SEM images of the films deposited on a seed layer with different water/methanol ratios Journal of Nanomaterials 
Normalized intensity in Figure 6 (a), allowing the growth of vertically aligned nanorods covering the substrate completely.
Photoinduced Wettability and Photocatalytic Activity.
Three films with different morphology were tested in photoinduced wettability and the photocatalytic reaction of MO solution. According to the previous characterization, the selected samples were A2A (prepared with ZnAc at 0.1 M dissolved in water), C2A (prepared with ZnCl 2 at 0.1 M dissolved in water), and AC2M75 (film with a seed layer plus the nanorod grown from ZnCl 2 at 0.1 M dissolved in 25/75 water/methanol ratio). These samples presented an intermediate size of nanostructures. For wettability test, the films were stored under dark at least one day prior to the measurement. As can be seen in Figure 7 (a) the ZnO films have a more hydrophobic nature, presenting contact angles of 84, 67, and 61 ∘ before being irradiated. UV light promotes the creation of electron-hole pairs and consequently defective sites as Zn + and oxygen vacancies are created when the electrons react with lattice metal ions (Zn 2+ ) and the holes react with the lattice oxygen (O 2− ), respectively [39] . Thus, dissociated water molecules and oxygen species can compete to be adsorbed on these sites. Hydroxyl adsorption is kinetically more favorable than oxygen adsorption [40, 41] and as consequence the wettability of ZnO surface is improved. The contact angle values after this UV-induced hydroxylation decrease to 15, 23, and 24 ∘ , for A2A, C2A, and AC2M75, respectively. Figure 7 (b) shows the photocatalytic activity test, where the ratio / 0 remained practically in a value of 1 after 30 min under darkness with constant stirring. This indicates that the system (ZnO films and MO dye solution) reached the adsorption-desorption equilibrium and photocatalytic process starts just when ZnO captures the UV irradiation. In the same figure, the evolution of / 0 ratio every 30 minutes for 4 hours is depicted. It can be seen that the three samples achieved a discoloration percentage higher than 90%, confirming the good photocatalytic property of ZnO semiconductor. Surprisingly, the A2A film presented the fastest discoloration rate, reaching a 99% of MO discoloration, while AC2M75 achieved 97.4% and C2A only a 90.6% in the same reaction time. The rates of reaction were calculated considering a pseudo-first-order reaction and are presented in Table 3 . This result indicates that the morphology is an important factor for the photocatalytic reactions, revealing that the nanoflake morphology is more effective, as can be appreciated in Figure 7 (c), where the apparent reaction rate is plotted with respect to the (101)/(002) XRD planes intensity ratio. Here a small (101)/(002) ratio indicates a high orientation along -axis or [0001] direction and a large ratio indicates the opposite, where no preferential growth along this -axis is observed (i.e., a random orientation). In order to have an idea of the photocatalytic performance of these samples with respect to the results obtained by other groups, we searched for a couple of works in which the same MO dye was used. For instance, Chen et al. tested ZnO nanoparticles using a MO concentration of 5 mg/L getting an apparent reaction rate constant of app = 0.0638 min −1 [42] , which is 6 times greater than the app = 0.0121 min −1 obtained for the nanoflake film in this work; however the catalyst load in the former paper is 25 mg of ZnO nanoparticles in 10 mL of the MO solution against a film of 2 mg in 10 mL of the MO solution at 3.27 mg/L. Another example is the work reported by Kaur et al., in which, for a similar MO concentration, they obtained a app = 0.0876 min −1 using again ZnO nanoparticles with a load of 10 mg in 10 mL of the MO solution [43] . As it was claimed previously, a direct comparison is not possible in this way, but in spite of the different conditions used, the good performance of the nanoflake film in the present work should be remarked considering that the sample is in thin film form, where it is important to note that the nanostructures are fixed onto the substrate and the exposed area is only the most superficial.
In addition, the surface-to-volume ratio was estimated from the SEM images and the values are included in Table 3 . This surface-to-volume ratio, which was higher for the nanoflake film, clearly explains the high effectiveness of the nanoflake morphology in the photocatalytic reactions in comparison to the nanorod films. In fact, this ratio shows a direct correlation with the trend followed by app , indicating again that the nanoflake morphology is more photoactive because a greater number of active facets are exposed to the dye molecules and to the UV light. Other authors have found similar results, in which nanoplatelets, nanosheets, or crystals Rod length = 500 nm Rod radius = 100 nm Figure 8 : Influence of the nanorod length (blue axis, with a fixed rod radius of 100 nm) and the nanorod radius (pink axis, with a fixed rod length of 500 nm) on the surface-to-volume ratio of the nanorod film morphology.
with a large (100)/(002) XRD planes intensity ratio have higher photocatalytic activity than the nanorod morphology [44] [45] [46] , and attributed this behavior to the presence of a major proportion of polar faces. Analyzing deeper the surface-to-volume ratio of the nanorod structures, it is possible to observe that as the dimensions of the rod decrease (length and radius), the surface-to-volume ratio increases, while for larger dimensions this ratio rapidly decreases. This result is depicted in Figure 8 , where the estimations were performed for a fixed rod radius with different rod lengths as well as for a fixed rod length with different rod radii.
It is important to notice that the rod radius has a stronger effect than the rod length, almost by a factor of 10. From this analysis we can conclude that it does not matter how long the nanorods can be; what really matters for a greater photocatalytic performance is how thin they are. To complete this study, the films were reused in four subsequent degradation experiments (Figure 7(d) ). The photoactivity of A2A film remained constant, whereas the AC2M75 film decreased its efficiency behaving similar to C2A sample. This result clearly shows the long term efficacy of the nanoflake film.
It is clear that the difference on the photocatalytic activity between samples A2A and AC2M75 is not huge (at least in the first cycle), but from an energetic point of view, the sample A2A prepared with ZnAc is more cost effective. This nanoflake morphology is easily obtained in a short deposition time (15 min) under relatively simple conditions giving an energy consumption of 625 Wh, whereas the nanorods grown on the seed layer require longer processing time (threefold approx.) as well as more controlled conditions during the deposition, thus giving an energy consumption of 1600 Wh, which is 2.5 times larger than that for the nanoflake films. For these reasons, the sprayed pyrolyzed nanoflake film morphology is more suitable for a scaled up photocatalytic system which can be applied for water treatment and environmental remediation.
Conclusions
We have systematically investigated the effect of precursor type, concentration, and solvent on the morphology of ZnO thin films deposited by spray pyrolysis. By using ZnAc precursor the films exhibited nanoflake morphology, whereas nanorod morphology was achieved starting from ZnCl 2 without the addition of any catalyst or surfactant. Increasing the precursor concentration provoked the formation of nanostructures with major sizes and consequently denser films. For nanorod films, owing to the nature of the solvent and the deposition temperature, a high methanol quantity present in the solvent mixture causes a fast evaporation which has repercussions in the complete substrate coverage. Nevertheless, the presence of a seed layer enhanced the growth and coverage of the film with the nanorods. Both morphologies (nanoflake and nanorod) proved to have good wettabilility and photocatalytic activity in the MO degradation under UV irradiation. However the nanoflake film showed the highest photocatalytic performance due to the highest surface-tovolume ratio and thus a high number of active facets exposed to the dye and UV light. From the analysis of the surfaceto-volume ratio as a function of the dimensions of the nanorods we can conclude that the photocatalytic activity can be increased by decreasing the nanorod diameter, not by increasing the nanorod length. We conclude that the nanoflake films produced by spray pyrolysis are more cost effective for large scale water treatment applications than the films with nanorod morphology.
